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ABSTRACT
Aims. A previous study of the X-ray luminosity function of the X-ray sources in the field of the Draco dwarf spheroidal (dSph)
galaxy indicated the presence of a population of unknown X-ray sources in the soft energy range of 0.5-2 keV. In 2015, Draco dSph
was observed again in twenty-six deep XMM-Newton observations providing an opportunity for a new study of the yet unclassified
sources.
Methods.We apply the classification criteria presented in our previous multi-wavelength study of the X-ray sources of the Draco dSph
to the sources detected in the combined 2009 and 2015 XMM-Newton data set. These criteria are based on X-ray studies and properties
of the optical, near-infrared, and mid-infrared counterparts and allows us to distinguish background active galactic nuclei (AGNs) and
galaxies from other types of X-ray sources. In this work we perform X-ray spectral and timing analyses for fifteen sources in the field
of Draco dSph with stellar counterparts.
Results. We present the classification of X-ray sources, for which the counterpart is identified as a stellar object based on our
criteria from multi-wavelength data. We identify three new symbiotic stars in the Draco dSph with X-ray luminosities between
∼3.5×1034 erg s−1 and 5.5×1034 erg s−1. The X-ray spectral analysis shows that two of the classified symbiotic stars are β-type. This is
the first identification of this class of symbiotic stars in a nearby galaxy. Eight sources are classified as Galactic Mdwarfs in the field
of the Draco dSph. The distances of these Mdwarfs are between∼140–800 pc, their X-ray luminosities are between 1028−1029 erg s−1
and the logarithmic ratio of X-ray to bolometric luminosity, log( LX
Lbol
), is between −3.4 to −2.1. The multiple observations allowed
us to investigate flare activity of the M dwarfs. For 5 M dwarfs flare(s) are observed with a significance of >3σ level of confidence.
Moreover, we classified three foreground sources, located at distances of the order of ∼1–3 kpc in the field of the Draco dSph. Based
on both the X-ray luminosities of these foreground sources (>1030 erg s−1) and their optical counterparts (late type G or K stars), these
X-ray sources were classified as candidates of contact binary systems.
Conclusions. Our study of X-ray sources of the Draco dSph shows that accreting white dwarfs are the most promising X-ray popula-
tion of dSphs, which is in line with theoretical expectations. The number of Galactic M dwarfs detected at our X-ray sensitivity limit
is consistent with the expectation based on the space density of M dwarfs.
Key words. galaxies: individual: Draco dwarf spheroidal galaxy – X-rays: galaxies – X-rays: binaries, X-rays: stars, binaries:
symbiotic, stars: low-mass
1. Introduction
Most of the satellite galaxies of our Milky Way are dwarf
spheroidal galaxies (dSph), which are faint with luminosities of
105−7 L⊙ and have an approximately spherical shape. Observa-
tions of nearby dwarf galaxies show that most of them are metal-
poor systems with metallicities as low as [Fe/H]< −3 (e.g, Kirby
et al. 2008; Aoki et al. 2009; Frebel et al. 2010). As many dSphs
show no recent star formation, they are ideal targets to study the
old stellar populations in galaxies formed in the early stages of
galaxy evolution. However, in comparison to other nearby galax-
ies, the X-ray population of low-mass satellite galaxies of the
Milky Way (e.g, dSphs) is poorly studied (e.g, Fabbiano 2006).
⋆ Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.
Theoretically, the old stellar population of the dSphs makes
the presence of X-ray binaries (XRBs) very unlikely. Because
these compact objects form at the end of the life of massive
stars, XRBs with high-mass companions (high-mass X-ray bina-
ries, HMXBs) are often found in stellar populations with a very
young age. However, also the presence of X-ray binaries with
low-mass companion stars (low-mass X-ray binaries, LMXBs)
in a dSph is a theoretical challenge. LMXBs are supposed to
form a fewGyr after the general star formation bursts in galaxies.
Since the compact object consumes the mass of the less-massive
donor star in a few hundred million years, any presence of per-
sistently bright LMXBs in dSphs, which are dominated by very
old stellar populations (> 10 Gyr), is not consistent with stellar
evolution models (Maccarone et al. 2005). Recent observational
studies suggest the presence of candidates for LMXBs in some
dwarf galaxies (e.g, Maccarone et al. 2005; Saeedi et al. 2016).
Article number, page 1 of 19
A&A proofs: manuscript no. Saeedi-AA-Draco-final
However, these few candidates cannot be considered as the main
population of the X-ray sources that belong to the dSphs. In the
study of the XLF of the Draco dSph, Saeedi et al. (2016) showed
that the population of hard X-ray sources (2.0-10.0 keV) in the
field of the galaxy does not exceed the population of background
sources (background galaxies, AGNs). However, the XLF at 0.5-
2.0 keV showed that there might be a population of soft X-ray
sources with luminosities . 1034 erg s−1. This result was con-
sistent with the findings of Ramsay & Wu (2006), who reported
that there is a fraction of unclassified soft X-ray sources in Ca-
rina and Sagittarius dSphs. An investigation of the nature of the
soft low-luminosity X-ray sources in the field of the Draco dSph
is the aim of this work.
Low-luminosity X-ray point sources can either be transient
LMXBs observed during the low-luminosity state or accreting
white dwarfs (AWDs) (Tauris & van den Heuvel 2006). Since
late-type stars are the main population of dSphs (e.g; Tolstoy
et al. 2009), white dwarfs are expected to be the main population
of compact objects in dSphs and a higher number of AWDs is
expected than XRBs. AWDs can be observed in X-rays, UV, op-
tical, and infrared.White dwarfs with a red giant star form binary
systems called symbiotic stars, which are considered to be likely
candidates for type Ia supernova progenitors (e.g, Kenyon et al.
1993). Steady or quasi-steady burning of accreted matter on the
surface of the white dwarf makes the system a super-soft X-ray
source (SSS), whereas in wider binary systems, the X-ray emis-
sion can have different origins (e.g; Luna et al. 2013). In soft X-
ray bands, AWDs have typical luminosities of 1031−1034 erg s−1,
but in the case of super-soft sources the luminosity range in-
creases to 1036 − 1038 erg s−1 (e.g; Lewin & van der Klis 2006).
The Draco dSph hosts a known super-soft X-ray source,
DracoC 1, which was studied by Saeedi et al. (2018). In this
work we focus on findingmore candidates of AWDs in the Draco
dSph based on the multi-wavelength study of all unclassified soft
X-ray sources.
The first population study of the X-ray sources in the
field of Draco dSph was performed based on five XMM-
Newton observations obtained in 2009 (Saeedi et al. 2016;Manni
et al. 2015; Sonbas et al. 2016). Draco dSph was observed again
in 26 deep XMM-Newton observations in 2015. The new ob-
servations not only made an extended study of the unclassified
sources of the previous catalogues possible, but also revealed
many new sources in the field of Draco dSph owing to the in-
creased total exposure time (see Table 1). Saeedi et al. (2016)
presented multi-wavelength criteria to distinguish background
sources from foreground sources and the members of the Draco
dSph. The properties of the optical and infrared counterparts of
the X-ray sources were used to identify background sources.
This paper presents the classification of fourteen sources de-
tected in the new combined analysis of 2006 and 2015 data,
for which a stellar counterpart is confirmed in multi-wavelength
studies. An updated catalogue of all X-ray sources in the field of
Draco dSph is in preparation (Saeedi et al. in prep).
2. XMM-Newton data analysis
The thirty-one XMM-Newton observations used for our studies
are listed in Table 1. The cameras EPIC-pn (Strüder et al. 2001)
and EPIC-MOS1, 2 (Turner et al. 2001) were in full frame mode
and the thin filter was used in all observations. Data reduction
and source detection were performed using the XMM-Newton
Science Analysis System (SAS,V.16.0.0). The event files were
screened for time intervals with high background caused by soft
proton flares. We extracted single events with PI>10000, and
PATTERN=0 for EPIC-MOS, and PI>10000 and PI<12000, as
well as PATTERN=0 for EPIC-pn, and created light curves with
time bins of 100 s in order to identify background flare inter-
vals. We used a threshold rate of ≤ 0.35 count s−1 for EPIC-
MOS and rate ≤ 0.4 count s−1 for EPIC-pn as criteria for the
good time intervals. Also, the light curves were checked for good
time intervals by eye and possible background flares have been
removed. The final good time interval files were used to filter the
event lists. Table 1 lists the final exposure time for each observa-
tion and EPIC camera. In this paper we use the number (OBS-
No) in Table 1 to specify an XMM-Newton observation instead
of the observation ID. Source detection for each observation
has been performed using the SAS task edetect-chain in the
five standard energy-bands of XMM-Newton B1 (0.2–0.5keV),
B2 (0.5–1.0keV), B3 (1.0–2.0keV), B4 (2.0–4.5keV), B5 (4.5–
12.0 keV) with minimum detection likelihood of 7 1. Table 2 lists
the XMM-Newton ID, position, and position uncertainty for each
source. The source numbers (Src-No) given to each X-ray source
in Table 2 are used in the entire paper. The coordinate and the
positional error of each source in Table 2 were taken from the
observation in which the source was detected with the highest
maximum likelihood. The Right Ascension (RA) and Declina-
tion (DEC) for each X-ray source were corrected by the offset
of the X-ray to the optical position of the known symbiotic star
DracoC1 (source No. 5 in this paper) in each observation. We
produced a mosaic image using the SAS task edetect-stack
from a combination of EPIC images of all observations. Figure 1
shows the three-colour combined image of all observations to-
gether in the energy range of 0.2–4.5 keV.
Fig. 1: The combined X-ray image of thirty-one XMM-Newton
observations in the field of Draco dSph in the energy band of
0.2–4.5 keV. Sources studied in this work are markedwith source
numbers from the catalogue in Table 2.
1 The detection likelihood is calculated by the probability of Poisson
random fluctuations of the counts, L=–ln(p), where p is the probability,
which is calculated on the basis of the raw counts of the source and the
raw counts of the background maps.
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Table 1: XMM-Newton observations of Draco dSph
OBS-No OBS-ID OBS-Date EPIC-pn EPIC-MOS1 EPIC-MOS2
T.exp∗ T.exp∗ T.exp∗
(ks) (ks) (ks)
1 0603190101 2009-08-04 16.2 18.8 18.8
2 0603190201 2009-08-06 16.9 19.7 19.7
3 0603190301 2009-08-08 9.7 13.5 13.8
4 0603190401 2009-08-20 5.8 15.8 15.9
5 0603190501 2009-08-28 16.8 19.7 19.7
6 0764800101 2015-03-18 27.2 49.3 50.1
7 0764800301 2015-03-26 25.5 56.5 57.1
8 0764800401 2015-03-28 55.5 60.6 60.2
9 0764800201 2015-04-05 26.3 41.4 40.2
10 0764800501 2015-04-07 48.2 61.7 61.7
11 0764800601 2015-04-09 53.7 56.5 56.6
12 0764800801 2015-04-19 28.5 48.7 50.2
13 0764800901 2015-04-25 37.2 51.7 51.7
14 0770180101 2015-04-27 34.1 55.2 55.2
15 0770180201 2015-05-25 54.7 58.7 58.7
16 0764800701 2015-06-15 56.1 57.2 57.2
17 0770180401 2015-06-18 50.9 52.7 52.7
18 0770180301 2015-07-01 56.8 56.1 58.7
19 0770180501 2015-07-31 51.1 54.7 54.5
20 0770180701 2015-08-22 38.5 50.7 50.3
21 0770180601 2015-09-01 38.8 67.0 66.6
22 0770180801 2015-09-03 66.6 77.4 77.8
23 0770190401 2015-09-11 56.2 70.3 69.7
24 0770190301 2015-09-21 20.7 43.2 40.4
25 0770190101 2015-09-23 18.3 42.8 41.9
26 0770190201 2015-09-25 18.2 40.6 37.8
27 0770190501 2015-10-11 32.3 44.6 44.6
28 0770180901 2015-10-13 20.7 35.5 33.5
29 0770190601 2015-10-15 7.9 23.1 24.9
30 0770190701 2015-10-17 45.3 52.0 51.6
31 0770190801 2015-10-19 32.6 48.8 48.7
Notes. ∗: Exposure time after screening for high background.
Table 2: Catalogue of X-ray sources
Src-No ID RA DEC r1σ
(J2000) (J2000) (′′)
1 XMMUJ171919.8+575943∗ 17 19 19.80 +57 59 43.8 0.65
2 XMMUJ171920.6+575120 17 19 20.61 +57 51 20.2 0.95
3 XMMUJ171927.1+580035∗ 17 19 27.24 +58 00 36.2 1.30
4 XMMUJ171954.1+574244 17 19 54.18 +57 42 44.0 1.21
5 XMMUJ171957.6+575005∗ 17 19 57.65 +57 50 05.5 0.42
6 XMMUJ172005.6+575759∗ 17 20 05.62 +57 57 59.2 1.45
7 XMMUJ172010.2+574823 17 20 10.27 +57 48 23.1 1.20
8 XMMUJ172013.3+575051∗ 17 20 13.39 +57 50 51.6 0.99
9 XMMUJ172017.9+575105∗ 17 20 17.99 +57 51 05.7 0.48
10 XMMUJ172053.8+580044∗ 17 20 53.89 +58 00 44.6 0.80
11 XMMUJ172104.8+575333∗ 17 21 04.79 +57 53 33.5 0.44
12 XMMUJ172113.6+580610 17 21 13.67 +58 06 10.1 1.26
13 XMMUJ172131.2+580451 17 21 31.20 +58 04 51.6 1.46
14 XMMUJ172139.6+575506 17 21 39.67 +57 55 06.9 1.54
15 XMMUJ172151.4+575700∗ 17 21 51.48 +57 57 00.9 1.76
Notes. ∗ These sources are also listed in the enhanced 3XMM catalogue
(3XMMe, Rosen 2016).
2.1. X-ray timing analysis
We studied the short and long-term variability of the detected
sources of Table 2. To study variability on long time-scales,
we calculated the weighted flux of the source in each obser-
vation from the EPIC cameras, in which the source was de-
tected in the field of view (FOV) in the energy range of 0.2–4.5
keV. Band 5 (4.5–12 keV) is excluded because the EPIC cam-
eras have a high background contamination and low sensitivity
in this energy band. Moreover, except for source No. 1, all the
sources studied in this paper emit predominantly X-rays at ener-
gies .2 keV (see Figs. 5, 6, and 9). For each source, the count
rates have been converted to flux using the energy conversion
factor obtained based on the spectral model fitted to the source
(see Sect. 2.3). If the spectrum of a source was not available, the
energy conversion factor was calculated based on typical models
and parameter values for the given source type (see Sect. 4.2.2
and Sect. 4.3). For observations, in which the position of an X-
ray source was in the FOV of the EPIC cameras but the source
was not detected, an upper limit was calculated at the position of
the source using the sensitivity map in the energy range of 0.2-
4.5 keV, created using the SAS task esensmap. The long-term
X-ray light curves of the sources are shown in Appendix A.
We checked the variability of each source by calculating the
ratio of maximum to minimum flux from all observations. The
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variability (Var) and its significance (S ) were calculated using
the following formulae:
Var =
Fmax
Fmin
, S =
Fmax − Fmin√
EF2max + EF
2
min
, (1)
where Fmax and Fmin are the maximum and minimum X-ray
fluxes, and EFmax and EFmin are the errors of the maximum and
minimum flux of the source, respectively (Primini et al. 1993). In
sources with upper limits lower than the minimum flux, the low-
est upper limit was taken to calculate the variability. A source
was considered variable if the significance S of the variability
factor was > 3.
We also searched for short-term variability in two steps as
follows: First, for each source we identified those observations
where the flux was > 3σ above the minimum flux measurement
for this source. Here, σ is the standard deviation of the flux built
from all observations, and the minimum flux is either the lowest
detected flux or the lowest upper limit. For all individual obser-
vations fullfilling this 3σ criterion we examined the background-
subtracted lightcurve using the same approach, i.e. we measured
the standard deviation of the count rate taking into account all
bins in the short-term light curve and we identified the bin with
the lowest count rate. All bins with count rate > 3σ above this
minimum were flagged as variable. The results of this analysis
are presented in Sect. 4.
To search for possible periodicity of the sources, we ex-
tracted the barycentric corrected event files of each source from
the observation, where it had the highest number of counts. We
applied the Z21 analysis to the arrival photons (0.2−12 keV) of
each source (Buccheri et al. 1983, 1988). We searched for peri-
odic signals in the range of 0.146 − 104 s (0.146 is the Nyquist
limit based on the time resolution of EPIC-pn in full-frame
mode, while 104 s is of the order of the duration of the observa-
tion). No periodic variability was found for any of the sources.
Following the method described in Brazier (1994), we found
a 90% upper limit of the pulsed fraction (the pulsed fraction
is defined as the semi-amplitude of the modulation divided by
the mean source magnitude) of ≈ 85% in the period range of
0.146−102 s and ≈ 60% in the period range of 100−1000s. The
pulsed fractions of accreting pulsars and magnetic white dwarfs
can be lower than the aforementioned upper limits (see e.g, Bild-
sten et al. 1997; Kennea et al. 2009, and references therein), sug-
gesting that these observations are not sensitive enough to set a
stringent upper limit on the pulsed fractions of the sources stud-
ied in this work.
2.2. Optical and UV timing analysis
We reduced the data from the Optical Monitor (OM) onboard
XMM-Newton (Mason et al. 2001) using the SAS (V.16.0.0) task
omchain. The sources were observed using the U band opti-
cal filter (300–390 nm) and the UV filter, UVW1 (245–320 nm),
of the OM telescope in both series of observations in 2009 and
2015. The XMM-OM telescope provides coverage of the cen-
tral 17′ square region of the EPIC FOV. Therefore, optical light
curves are only available for a fraction of the X-ray sources. For
observations, in which the optical counterpart of the source was
located in the FOV of the OM camera, but not detected, the mag-
nitude of the upper limit was calculated using the following for-
mula considering the zero-points of 18.24 mag, and 17.37 mag
for the U and the UVW1 band, respectively (Mason et al. 2001).
m = −2.5 × log10(DN/EXPT IME) + ZEROPOINT, (2)
where DN is the background number of counts and EXPT IME
is the exposure time of the observation (Pogson 1856). The long-
term optical/UV light curves of all sources are shown in Ap-
pendix A. In addition, We applied the Lomb-Scargle technique
for the unevenly sampled time series (Scargle 1982) to search
for the possible periodicity in optcial/UV data of the sources .
No significant periodicity was found.
2.3. Spectral analysis
For sources, which have been frequently detected over 31 ob-
servations, we obtain a single spectrum with high statistics by
merging the spectra of all observations, in which the source
was detected. We excluded the spectrum of observations, in
which significant flare activity was observed in the light curve
of the source according to the analysis described in Sect. 2.1.
The source spectrum, background spectrum, ancillary response,
and response matrix files of all available observations were
combined separately for each EPIC camera, using the SAS
task epicspeccombine. In most of the cases, we only used
the EPIC-pn data because of their higher statistics compared
to EPIC-MOS data. We used EPIC-MOS data in addition to
EPIC-pn for sources that have a number of detections in EPIC-
MOS comparable with the EPIC-pn. In fact, except for source
No. 9, the detection in the FOV of EPIC-pn was more frequent
than for EPIC-MOS. The data of the combined spectrum has
been grouped to a minimum of 20 counts per bin. We used
XSPEC (Ver. 12.10.0) to fit the spectra. The models are fitted
using the χ2 statistics.
3. Multi wavelength studies of counterparts
In the following, we discuss the multi-wavelength photometry
used to uncover the stellar nature of our sources.
3.1. Optical counterparts of the sources
The most recent optical survey in the field of Draco dSph is
the 9th released data of the Sloan Digital Sky Survey (SDSS9,
Ahn et al. 2012). The SDSS9 catalogue contains the magnitudes
of the objects in five different energy bands from the near ul-
traviolet (UV) to the near infrared (u = 3551Å, g = 4686Å,
r = 6165Å, i = 7481Å, z = 8931Å). TableB.1 presents the mag-
nitudes in different bands of SDSS9 for the optical counterparts
of the X-ray sources. AppendixC shows the images of the opti-
cal counterparts of the X-ray sources taken from SDSS92. The
colour-magnitude diagram of the optical counterparts was plot-
ted using the magnitudes of the g and r bands (Fig. 2). We also
plotted the logarithmic X-ray to optical flux ratio log( FX
Fopt
), ver-
sus the X-ray flux (Fig. 3). The flux ratio log( FX
Fopt
) was calculated
using the modified equation of Maccacaro et al. (1988) in SDSS
optical bands (Saeedi et al. 2016):
log
(
FX
Fopt
)
= log10(FX) +
g + r
2 × 2.5
+ 5.37, (3)
where FX is the X-ray flux and g and r are the SDSS magni-
tudes of the optical counterpart associated with the X-ray source.
Fig. 3 shows that all sources have log( FX
Fopt
) < 0, typical for stars.
For the u, g, r, i, and z bands, the Galactic extinction of 0.12,
0.09, 0.06, 0.04, and 0.03 mag is used, respectively, in the direc-
tion of the Draco dSph (Schlafly & Finkbeiner 2011).
2 https://dr9.sdss.org/fields
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Fig. 2: Colour-magnitude diagram (g versus g−r) for the SDSS9
optical counterparts of the X-ray sources (black data points with
source No. as labels). Orange dots represent the SDSS7 mem-
bers (g < 23 mag) of the Draco dSph as classified by Rave et al.
(2003). The red line is the stellar isochrone for the age of 10 Gyrs
and metallicity of 0.0004 solar metallicity of the Draco dSph ac-
cording to Girardi et al. (2004).
Fig. 3: Logarithmic X-ray to optical flux ratio log( FX
Fopt
) versus
Fx. log(
FX
Fopt
) is calculated using Equation 3.
3.2. The infrared counterparts of the sources
We also searched for mid-infrared counterparts in theWISE All-
Sky Data in four energy bands (3.4, 4.6, 12, and 22 µm, called
W1, W2, W3, W4, respectively; Cutri & et al. 2012) and near-
infrared counterparts in the 2MASS All-Sky Catalogue of Point
Sources in the J, H, K bands (Cutri et al. 2003). Table B.2 lists
the WISE and 2MASS magnitudes of counterparts of the X-ray
sources. For the J, H, and K bands the Galactic extinction in the
direction of the Draco dSph of 0.02, 0.01, 0.01 mag, respectively,
are taken into account (Schlegel et al. 1998).
Fig. 4: Colour-colour diagram of mid-infrared WISE
W1 (3.4 µm) − W3 (12 µm) colour index versus near-infrared
2MASS J−K colour index for the counterparts of X-ray sources
in the field of the Draco dSph detected by XMM-Newton.
Dash-dotted lines separate the regions, which are occupied by
the counterparts of background sources from that of the others
(Fig. 3, Saeedi et al. 2016).
3.3. Results of multi-wavelength studies
Photometric studies of the Draco dSph showed that the main
population of stars in this dwarf galaxy has already left the main
sequence and is on the red giant branch (e.g, Piatek et al. 2001;
Bellazzini et al. 2002; Rave et al. 2003; Ségall et al. 2007). The
orange dots in Fig. 2 show the main population of stars in the
Draco dSph classified by Rave et al. (2003).
In colour-magnitude diagrams, the optical and infrared coun-
terparts of X-ray sources, which are background objects (galax-
ies and AGNs) are located in different regions compared to the
foreground objects and members of Draco dSph. According to
Saeedi et al. (2016) the optical and infrared counterparts of
non-background sources satisfy the conditions of log( FX
Fopt
)<0.0,
J − K < 1.2, and W1 − W3< 3.0. All the optical and infrared
counterparts associated with the X-ray sources, which are stud-
ied in this work fulfill these criteria for non-background sources.
The colour-colour diagrams of WISE (W1 − W3, W3) and
2MASS (J−K, K) show that none of the counterparts is found in
the region, where background sources are located (see our Fig. 4,
and Fig. 3 in Saeedi et al. 2016). Also, all these X-ray sources
have log( FX
Fopt
)<0.0.
These criteria, which separate the X-ray sources associated
with stars from those associated with galaxies and AGNs, are
consistent with other photometric classification criteria. Abra-
ham et al. (2012) performed a photometric study to distin-
guish the sources detected in the SDSS into stars, galaxies, and
quasars. They showed that stars have very different u − g and
g − r colours than quasars. The optical counterparts of all X-ray
sources of this work have u− g>1.5 and g− r>1.0. According to
Abraham et al. (2012), they can be classified as stars.
The optical colour-magnitude diagram (Fig. 2) shows that
the optical counterparts of some X-ray sources are located at the
end of the tail of the red-giant branch of the Draco dSph (sources
No. 1, 5, 6, 8) and can be identified as members of the Draco
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dSph (Sect. 4.1). Optical counterparts associated with sources
No. 3, 7, 9, 10, 12, 13, 14, 15 appear redder and are Galactic
M dwarfs (see Sect. 4.2). The optical counterparts of sources
No. 2, 4, 11 are located above the red giant branch and seem
to be hotter Galactic stars than Mdwarfs (Sect. 4.3).
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Fig. 5: Combined spectrum of all XMM-Newton observations
and best-fit models assuming different types of emission for the
source No. 1, together with the residuals of the fitted models in
units of the standard deviation.
4. Discussion
4.1. Symbiotic stars in the Draco dSph
The colour-magnitude diagram in Fig. 2 shows that the optical
counterparts of the four sources, No. 1, 5, 6, and 8 are located
on the red-giant branch of Draco dSph. These four sources have
also been classified as members of the Draco dSph in other sur-
veys. According to the infrared photometric analysis, symbiotic
stars are distinguished into two main groups of either cool star
(S-type) with a typical infrared colour of the red giant branch,
or as a star with a significant contribution of warm dust (D-type)
typical for the asymptotic giant branch (Corradi et al. 2008). The
infrared counterparts of symbiotic stars of the Draco dSph sat-
isfy the conditions of J − H <1.0, H − Ks <0.5, H − W2<1.0,
and J −W1<2 (see Table. B.2), which make them candidates for
Table 3: Best-fit parameters of the X-ray spectrum of source
No. 1 for three differentmodels. Errors are at the 90% confidence
level.
tbabs×(apec)∗
NH 1022 cm−2 0.83+0.12−0.11
kT keV 9.57+4.28
−2.22
Norm. (2.66+0.18
−0.17)×10
−5
χ2 (d.o.f) 1.05 (99)
F⋆X erg s
−1 cm−2 (4.20+0.26
−0.25)×10
−14
tbabs×(mkcflow)∗
NH 1022 cm−2 0.98+0.16−0.16
kTmin keV 0.08 frozen
kTmax keV 31.19+36.38−13.42
Norm. (8.67+5.15
−3.83)×10
−9
χ2 (d.o.f) 1.05 (99)
F⋆X erg s
−1 cm−2 (4.46+0.30
−0.29)×10
−14
tbabs×(power-law)
NH 1022 cm−2 0.92+0.17−0.15
PhoIndex 1.62+0.17
−0.16
Norm. (7.73+1.80
−1.43)×10
−6
χ2 (d.o.f) 1.10 (99)
F⋆X erg s
−1 cm−2 (4.33+0.29
−0.27)×10
−14
Notes. ⋆: The absorbed flux is calculated in the energy range of 0.7–
8.0 keV. ∗: The abundances of the apec and mkcflow models are fixed
to the Solar abundances of 1.0.
S-type symbiotic stars (Akras et al. 2019; Corradi et al. 2008).
The properties of these systems, which we identify as symbiotic
systems in Draco dSph are discussed in the following.
Source No. 1 (XMMUJ171919.8+575943): In the previous
work, based on the five XMM-Newton observations of 2009,
no optical/infrared counterpart was found for the source. Only
a radio counterpart was found and the source was classified
as an AGN candidate (Source No. 12, Saeedi et al. 2016). The
longer exposure times of the XMM-Newton observations in 2015
yielded a more accurate position of the X-ray source and a bright
optical/infrared counterpart was found. Figure 7 shows the 3σ
error circle of the X-ray source position in observation 17, where
source No. 1 had the highest detection maximum likelihood. The
optical counterpart of the source is a red giant in Draco dSph.
The radial velocity of the source is –306.59km s−1, which is
consistent with that of the Draco dSph members (Kleyna et al.
2002). Kirby et al. (2010) measured an effective temperature of
Teff = 4660K and a metallicity of [Fe/H]=–2.12 for the red gi-
ant. The X-ray flux of the source steadily decreased and again
increased within about one month in the last observations of
2015 (see AppendixA), which can be a sign of eclipse in the
system. The typical orbital period of symbiotic stars is of the
order of hundred days (Belczyn´ski et al. 2000). If the observed
minimum in the X-ray light curve is related to an eclipse of the
white dwarf, its inclination must therefore be very low to explain
the short duration of eclipse. On the other hand, UV and optical
light curves do not show any evidence for a drop in flux. There-
fore, the eclipse scenario remains controversial.
The time-averaged X-ray spectrum is fitted very well with an
absorbed collisionally-ionized thermal gas model (apec), an ab-
sorbed isobaric cooling flow model (mkcflow), and also an ab-
sorbed power-law model (see Table 3 and Fig. 5). The parame-
ters of the spectrum of the apec model and mkcflow are very
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Fig. 6: Combined spectrum of all XMM-Newton observations of sources (Mdwarfs and symbiotic stars) in the field of Draco dSph,
which have enough statistics for spectral analysis: EPIC-pn (black), EPIC-MOS1 (red), and EPIC-MOS2 (green), together with the
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Table 4: Best-fit parameters of the X-ray spectra. Errors are at the 90% confidence level.
Src-No Type† Model NH kT Abundance χ2 (d.o.f) Absorbed F∗X L
∗
X
1022 cm−2 keV 10−15erg s−1 cm−2 erg s −1
3 MD tbabs×(apec) <0.02 0.89+0.20
−0.15 <0.1 0.94(26) 3.28
+0.34
−0.29 1.0×10
29
5⋆ SS tbabs×bb 0.04+0.02
−0.02 0.015
+0.003
−0.003 1.35 (33) 68.22
+3.75
−3.35 5.5×10
34
6 SS tbabs×apec <0.03 4.06+2.62
−1.29 0.82 (28) 4.75
+0.73
−0.73 3.9×10
33
8 SS tbabs×apec <0.08 6.2+19.4
−2.3 0.76 (40) 4.08
+1.53
−1.14 3.8×10
33
9 MD tbabs×(apec+apec) <0.03 0.21+0.03
−0.03 0.33
+0.45
−0.15 1.03 (128) 4.87
+0.78
−0.38 1.4×10
29
0.920.07
−0.08
9 MD (flare-state) tbabs×(apec+apec+apec) <0.03 frozen to 0.21 frozen to 0.33 0.95 (46) 36.80+3.13
−3.56 1.1×10
30
frozen to 0.92
2.84+1.610.72
11 FG tbabs×(apec+apec) 0.05+0.02
−0.01 0.27
+0.06
−0.04 0.17
+0.06
−0.05 1.00 (174) 13.2
+0.05
−0.05 1.2×10
30
1.07+0.06
−0.06
14 MD tbads×(apec) <0.07 0.78+0.13
−0.10 <0.1 1.18 (46) 5.36
+0.65
−0.66 1.2×10
28
15 MD tbabs×(apec+apec) frozen to 0.02 0.21+0.11
−0.06 0.14
+0.41
−0.11 1.66 (29) 7.38
1.14
−1.12 2.3×10
29
0.12+1.05
−0.08 × 10
22 1.02+0.25
−0.19
Notes. †: The types of sources are symbiotic stars (SS), Galactic M dwarfs (MD), and other types of foreground star (FG). ∗: Flux and luminosity
of all sources are calculated in the energy range of 0.2–5.0 keV, except sources No. 1 and No. 8, which are in the energy range of 0.2–10 keV.
⋆: Source No. 5 is the super-soft symbiotic white dwarf system Draco C1. The fitted parameters for this source are taken from Saeedi et al. (2018).
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Fig. 7: The X-ray mosiac image of Source No. 1 in the energy
band 0.2-12.0 keV. The black circle shows the X-ray position
of the source. The green circle shows the position of the optical
counterpart.
similar to those of symbiotic stars, which show hard X-ray emis-
sion and are classified as δ-type symbiotic stars (Muerset et al.
1997; Luna et al. 2013). These symbiotic stars are highly ab-
sorbed hard X-ray sources with thermal emission above 2.4 keV,
which is assumed to originate from the boundary layer of an ac-
cretion disk (Luna et al. 2013) like in e.g, Hen 3-461 (Luna et al.
2013), CD-28 3719, 4 Dra (Nuñez et al. 2016), T CrB (Luna et al.
2008), and RTCru (Luna & Sokoloski 2007; Ducci et al. 2016).
The spectrum is also well fitted with an absorbed power law
model. Residuals obtained by subtracting the continuum (Fig. 5,
lower panel) show a possible emission feature within the energy
range 6.3−7 keV, that could be interpreted as noise fluctuation
or one (or more) iron line emission. When a Gaussian compo-
nent is added to the model, the fit is improved by ∆χ2 ≈ 15.6.
To determine whether the data require this additional compo-
nent, we used the XSPEC script lrt to perform the likelihood
ratio test on 104 simulated datasets. We find that the probability
that the observed spectrum can be described with an absorbed
power law without a Gaussian component is ∼ 0.23%. There-
fore, we conclude that the line significance is marginally larger
than 3σ. The 90% uncertainties on the line energy parameter
(Eline = 6.7+2.0−0.5 keV) does not allow us to determine which emis-
sion lines (Fe XXV, Fe XXVI, and Fe XXIII) are responsible for
the observed feature.
Assuming a distance of ∼82 kpc, the X-ray luminosity of the
source is > 1034 erg s−1 in the energy range of 0.7–8. keV. Such a
high LX, together with the relatively hard X-ray emission of the
source is compatible with the emission coming from the bound-
ary layer around a non-magnetic white dwarf (see Ducci et al.
2016; Luna et al. 2008). It is also reminiscent of the typical X-
ray emission frommagnetic white dwarfs (e.g, Suleimanov et al.
2005). Also, the good fit of power-lawmodel emphasises that the
compact object can be a neutron star too. Therefore, the nature
of the compact object remains unclear.
Source No. 5 (Draco C1, XMMUJ171957.6+575005):
This source is a known super-soft symbiotic star in the Draco
dSph detected by ROSAT in X-rays (Allen 1984; Muerset et al.
1997). We recently studied the properties of this source using all
available XMM-Newton observations (Saeedi et al. 2018).
Source No. 6 (XMMUJ172005.6+575759): The optical
counterpart of this source was classified as a red giant in the
Draco dSph with an effective temperature of Teff = 4973 K
and a metallicity of [Fe/H]=–2.28 (Kirby et al. 2015). The long-
term light curve of the source (AppendixA) shows higher X-
ray flux in observations 23 and 31. We checked the short-term
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light curves of the source in these two observations but the count
rate was too low to significantly observe flares or outburst ac-
tivity. These high X-ray fluxes are not correlated with changes
in the UV and optical U magnitudes. The source showed vari-
ations in UV and optical U-band light curves, but no evidence
of periodicity was seen in the light curves. We could fit the X-
ray spectrum with an absorbed apec model (see Table 4 and
Fig. 5). The system has an NH similar to the NH in the direction
of the Draco dSph. The statistics of the spectrum are too poor
to determine the element abundance of the emitting gas. There-
fore, the abundance is left at the default abundance of the apec
model (1.0 times the solar values). The soft X-ray spectrum of
the source makes it a candidate for a β-type symbiotic-star. β-
type symbiotic stars have the most part of emission at energies
.2 keV (Luna et al. 2013). The X-ray emission is most likely
caused by the collision of the wind of the white dwarf with the
wind of the red giant (Muerset et al. 1997). However, in this
case the system must have been observed during the outburst
(Luna et al. 2013). Another model assumes that if the system
is observed almost edge-on, the scattering of hard photons in a
ionized medium around the white dwarf causes β-type emission
(Wheatley &Kallman 2006). However, Luna et al. (2013) argued
that this model makes it unlikely to detect many symbiotic sys-
tems with soft X-ray emission, whereas there are plenty of these
systems. As an alternative explanation, Luna et al. (2013) sug-
gested that the collision of the wind from the accretion disk with
the red-giant wind can cause soft X-ray emission. The high tem-
perature of the source suggests that the X-ray emission comes
from the colliding region of fast winds. This source has no coun-
terpart in WISE and 2MASS catalogues.
Source No. 8 (XMMUJ172013.3+575051): The optical
counterpart of this source was classified as a member of the
Draco dSph with a radial velocity of –291.3 km s−1 (Armandroff
et al. 1995). The long-term light curve of the source shows that
the X-ray fluxes in the observations of 2009 were higher than
during the observations in 2015. The observations of 2015 show
no significant variation over the 26 observations (Var=1.8, see
Sect. 2.1). The X-ray spectrum of the source is soft, which makes
it a candidate for a β-type symbiotic-star. The spectrum is fitted
well with an absorbed apec model (see Table 4 and Fig. 5).
Based on available catalogues of symbiotic stars (e.g, Bel-
czyn´ski et al. 2000; Luna et al. 2013), Sources No. 6 and 8 in the
Draco dSph are the first identified extragalactic β-type symbiotic
stars.
4.2. Galactic M dwarfs in the field of Draco dSph
4.2.1. Optical properties of M dwarfs
The counterparts of sources No. 3, 7, 9, 10, 12, 13, 14, and 15
have infrared magnitudes and colours consistent with those ex-
pected from symbiotic systems in the Draco dSph (see Fig. 4),
while in the optical colour-magnitude diagram (Fig. 2) they are
separated from the red giant branch of the Draco dSph. All of
themwere classified as stars (see Sect. 3.3). However, their pecu-
liar position in the colour-magnitude diagram of Fig. 2 required
further studies to determine their spectral type. We found that all
these sources satisfy the conditions for M dwarfs for the SDSS
colours r − i < 0.42 and i − z < 0.24 (West et al. 2005). We also
estimated the spectral type of the counterparts using the charac-
terization of M dwarfs given by West et al. (2011) through the
observed colours r − i, i − z, z − J, and J − H. Moreover, based
on the optical SDSS colours of the M dwarfs the absolute mag-
nitude of the M dwarfs in SDSS i band using i − z colours are
estimated (see Table 5). The photometric distances derived this
way show that all sources are Galactic M dwarfs located at dis-
tances of few hundred parsecs.
The 2nd release of Gaia (DR2, Gaia Collaboration et al.
2018) provides distances based on parallax measurements. We
examined whether the differences between the photometric and
astrometric distances (of up to a factor of two; see Table 5) might
be due to problematic solutions in Gaia DR2. To this end, we
used the filters defined by Arenou et al. (2018) and Lindegren
et al. (2018, appendix C, equations C-1 and C-2) and additional
quality indicators of the solutions (astrometric_excess_noise,
astrometric_gof_al). The only criterion of this quality check
that is not fullfilled by all stars is the astrometric_excess_noise.
However, the values of the astrometric_excess_noise are small
for all objects and similar values have been deemed acceptable
in other studies (Lindegren et al. 2018). Therefore, we decided
to consider the Gaia DR2 distances as validated and we used
them for the calculation of the luminosities. The bolometric lu-
minosity of each M dwarf was calculated using the bolometric
correction of the i band (Mann et al. 2015). We also estimated
the logarithmic ratio of X-ray to bolometric luminosity log( LX
Lbol
)
for each source. X-ray luminosity and X-ray to bolometric lumi-
nosity ratio are listed in Table 5.
4.2.2. X-ray analysis of M dwarfs
M dwarfs are also known as ‘flare stars’ due to their fre-
quent brightness increases resulting from magnetic reconnection
events. The timescale of stellar X-ray flares is hours to days (e.g,
Güdel 2004). As the typical duration of the observations anal-
ysed here is ∼ 30 − 50 ks, we expect to identify the typical vari-
ability of flares – if present – in the lightcurve of individual ob-
servations. In fact, with the procedure described in Sect. 2.1 we
have identified flares for sources No. 3, 9, 10, 14 and 15. The
poor count statistics imply that most of these events are chara-
terized by a single bin in the short-term lightcurve. Therefore, we
cannot examine the morphology of the flares. The exception is a
long and bright flare of source No. 9 that we describe in the fol-
lowing. For the other events we list the minimum duration and
minimum flux increase in Table 6. Highlight results of timing
and spectral analyses are explained in the following:
Fig. 8: The X-ray light curves of source No.9 in the observations
19, 20 (during the strong flare), and 21. The data is taken from
the EPIC-pn camera.
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Table 5: Optical and X-ray properties of classified Galactic M dwarfs in the filed of the Draco dSph
Src-No r − i i − z z − J Spectral-type Mi dphot (pc) dGaia (pc) Mbol Lx (erg s−1) log(
LX
Lbol
)
3 0.92±0.01 0.52±0.02 1.21±0.08 M2 8.8±0.1 506 – 8.6 8.5×1028 –2.9
7 1.33±0.02 0.70±0.02 1.38±0.10 M4 9.34±0.3 520 366±23 9.5 3.2×1029 –2.1
9 1.15±0.01 0.64±0.01 1.28±0.06 M3 8.8±0.3 413 497±20 8.2 1.4×1029 –3.0
10 1.74±0.04 0.98±0.03 1.59±0.13 M5 11.7±0.4 242 657±160 9.1 2.5×1029 –2.5
12 1.40±0.02 0.78±0.02 1.51±0.05 M4 10.0±0.3 351 446±28 8.7 2.0×1029 –2.7
13 1.14±0.04 0.64±0.04 1.32±0.19 M3 9.2±0.5 820 – 9.7 3.0×1029 –2.4
14 1.45±0.01 0.80±0.01 1.44±0.04 M4-M5 10.2±0.3 158 140±2 9.7 1.2×1028 –3.3
15 1.15±0.01 0.62±0.01 1.37±0.06 M3 9.1±0.1 375 510±70 8.3 2.3×1029 –2.8
Notes. The spectral types of the M dwarfs are identified based on the optical/ infrared colours (West et al. 2011). The table also presents the
absolute magnitude (Mi), bolometric magnitude (Mbol), photometric distance (dphot), Gaia 2DR distance (dGaia), X-ray luminosity (LX) in the
energy range of 0.2–5.0 keV, and X-ray to bolometric luminosity, log( LX
Lbol
), of M dwarfs.
Table 6: Flux bf variation of M dwarfs in flaring states
Source No. OBS-No. Fmin ∆Fmin
(erg s−1 cm−2) (erg s−1 cm−2)
3 11 (1.5±0.4)×10−15 3.2×10−15
9 3 (5.8±1.5)×10−15 3.8×10−14
9 4 (5.8±1.5)×10−15 1.8×10−13
9 5 (5.8±1.5)×10−15 1.1×10−14
9 20 (5.8±1.5)×10−15 7.0×10−14
9 22 (5.8±1.5)×10−15 9.4×10−15
10 17 (1.5±0.4)×10−15 3.7×10−15
14 19 (2.2±0.6)×10−15 4.0×10−15
15 14 (2.0±0.7)×10−15 1.3×10−14
15 30 (2.0±0.7)×10−15 1.0×10−14
Source No. 9: This source has been classified as the most
variable source in the field of the Draco dSph due to its very
high flux in observation 4 (source No. 33, Saeedi et al. 2016). In
observation 20 the source again showed strong variability. The
long exposure time of observation 20 allowed us to study the
short-term X-ray light curve and the X-ray spectrum of the star
during this flare. Fig. 8 shows the light curve of the source in
the observations 19, 20, and 21, which represent the times be-
fore, during, and after the strong flare. It seems that the flare
started before the beginning of observation 20 and therefore, we
can only give a lower limit to the flare duration of >15 hours.
The X-ray spectrum of the source in the quiescent state was fit-
ted with two absorbed apec models (see Table 4 and Fig. 6).
The spectrum of the source in observation 20, when the source
was flaring, required an additional third thermal component. The
first two components were fixed to the values previously ob-
tained during the quiescent state. The third apec component is
significantly hotter than the temperatures representing the qui-
escent spectrum. The spectral analysis yielded a temperature of
∼32 MK and an average X-ray luminosity of 1030 erg s−1 (see
Table 4), which are typical for X-ray flares of cool stars (e.g,
Güdel 2004). The log( LX
Lbol
) in the quiescent state was –3.0 and
increased to –2.1 in the strong flare. The long-term light curve
in the U band shows evidence for enhanced emission during the
X-ray flare (observations 20, AppendixA).
For the sources No. 3, 14, and 15 we fitted absorbed one
or two-temperature apec model to their spectra (Table 4). The
best fit temperatures of the sources and their abundance (< with
respect to the solar abundance) are very similar to each other.
The X-ray luminosity of all these sources, based on the Gaia
distances, are presented in Table 4.
For the Sources No. 7, 10, 12, and 13 we could not fit the
spectrum due to the very low statistics of their combined spec-
tra. Therefore, we estimated the flux of these sources assuming
a typical model fitted to the spectrum of a Mdwarf using the pa-
rameters of Table 4, which means an absorbed apec model with
a Galactic NH of 2.5 × 1020 cm−2, a temperature of kT=0.7 keV,
and a sub-solar abundance of 0.2. The X-ray luminosity of these
sources are presented in Table 5. Source No. 7 had log( LX
Lbol
) of
−2.1, which is higher than the typical log( LX
Lbol
) of M dwarfs. The
source is detected only twice over all observations. All the upper
limit fluxes at the position of the source were lower than the flux
of the source measured in observations 6 and 18 (AppendixA).
This suggests that source No. 7 was detected only during flare
activity. However, the count rates were too low to identify a flare
signature in the short-term light curves of observations 6 and 18.
Sources No. 10, 12, and 13 have typical X-ray to bolometric lu-
minosity for Mdwarfs in the quiescent state.
4.2.3. X-ray population
M dwarfs are the most numerous stars in the Galaxy (Liebert
1994). Their X-ray emission originates from magnetic activity
caused by a stellar dynamo (Parker 1975). Stars with spectral
types later than ∼ M3 are fully convective, therefore the field
generating mechanism is expected to be different from the solar-
type αΩ dynamo. The spectral types we derived for M dwarfs
from XMM-Newton data in the Draco dSph field suggest that
they belong to this category.All of them have high log( LX
Lbol
) ratios
typical for fast-rotating M dwarfs in the saturation regime, while
the full population of M dwarfs is characterized by a spread of
more than three dex reaching down as low as log( LX
Lbol
) ∼ −6
(Stelzer et al. 2013). Evidently, only the most active M dwarfs in
the Draco field were detected with XMM-Newton.
From the space density of M dwarfs presented by Bochan-
ski et al. (2010) based on the SDSS we estimate a total number
of ∼ 480 M dwarfs in the 0.25 deg−2 FOV of XMM-Newton for
a volume reaching to a distance of 500 pc (i.e, the average dis-
tance of the M dwarfs detected in this work). This shows that
these exceptionally deep X-ray observations have allowed us to
detect ∼ 2% of the Galactic M dwarfs in the surveyed area. This
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is consistent with the results derived from the X-ray luminosity
function of the volume-limited sample of M dwarfs within 10 pc
of the Sun, where only 3 out of 159 stars (i.e. 2%) have LX values
above the ones observed in our sample, i.e, > 1029 erg s−1(Stelzer
et al. 2013).
4.3. Other classified Galactic sources in the field of Draco
dSph
Sources No. 2, 4, and 11 have infrared colours and magnitudes
similar to the symbiotic stars in the Draco dSph (see Fig. 4).
However, their optical apparent magnitude is higher than those
of members of the Draco dSph (Fig. 2). The parallax measure-
ments of Gaia DR2 show that the counterparts of these X-ray
sources are Galactic objects located at distances of ∼1–3 kpc.
Table 7 shows the distance presented for the classified fore-
ground X-ray sources in the field of Draco dSph in the work
of Saeedi et al. (2016) and the three new classified foreground
X-ray sources of this work. The filtering conditions of Gaia par-
allax (see Sect. 4.2.1) confirmed that the parallax measurement
of all them are acceptable. The distances of these three new fore-
ground sources are larger than the distances of the previous six
foreground X-ray sources in the work of Saeedi et al. (2016),
which were located at ∼100-600 pc, consistent with the higher
sensitivity for the detection of faint X-ray sources thanks to the
increased exposure time available now.
Table 7: Distance of additional classified foreground stars in the
field of the Draco dSph
Src-ID distance(pc)
XMMUJ171925.97+575020.1∗ 224±36
XMMUJ172021.83+575827.3∗ 95.1±0.6
XMMUJ172025.65+575304.4∗ 566±5
XMMUJ172037.64+580211.9∗ 515±7
XMMUJ172116.97+580113.6∗ 299±2
XMMUJ172158.29+574922.5∗ 431±6
XMMUJ172104.8+575333.5(No. 11) 860±22
XMMUJ171920.6+575120.2(No. 2) 2094±168
XMMUJ171954.2+574244.0(No. 4) 2665±300
Notes. ∗: Foreground sources, which were classified in Saeedi et al.
(2016).
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Fig. 9: Combined spectrum of XMM-Newton observations
(EPIC-pn) of the foreground star source No. 11, together with
the residuals in units of the standard deviation.
Source No. 2 was detected in X-rays only three times over
the observations of 2015. The statistics are too poor to analyse
the spectrum of the source. Most source counts were received in
the soft energy range of 0.2–2.0keV, therefore we assumed an
absorbed apec model with the Galactic NH of 2.5 × 1022 cm−2
and a temperature of kT = 1.0 keV. The minimum and maximum
flux of the source was between (2–7)×10−15 erg s−1 cm −2. Thus,
assuming a distance of ∼2 kpc (see Table 7) the X-ray luminos-
ity is ∼(1–4)×1030 erg s−1. The flux of the source in observation
30 is significantly higher than in observations 8 and 10, but no
flare is observed in the short-term light curve of observation 30.
The g − r colour of ∼0.45mag suggests a spectral type of F/G
for the optical counterpart (Yanny et al. 2009). The UV/optical
counterpart of the source was always detected by OM if it was
inside its FOV.
Source No. 4 has an X-ray detection in four observations
during the 2015 campaign (see AppendixA). The statistics were
too low for a spectral fit. Therefore, we assumed the same model
as for source No. 2 to estimate the flux of the source. Its aver-
age is between (2 − 6) × 10−15 erg s−1 cm−2, i.e, a luminosity of
∼(2–5)×1030 erg s−1 at the distance of 2.6 kpc. No variability is
detected for this source. The g− r colour of ∼0.5mag suggests a
spectral type of G for the optical counterpart (Yanny et al. 2009).
The source was outside the FOV of the OM telescope.
Source No. 11 was already detected during five observations
of 2009. However, it remained unclassified due to the lack of
information on the counterpart. The extended X-ray light curve
including the data from year 2015 shows that it is a variable X-
ray source. We identified a flare in observation 25. The time-
averaged X-ray spectrum of the source was well fitted with an
absorbed two-temperature apec model (see Table 4 and Fig.9).
The g − r colour of ∼0.6mag suggests a spectral type of K for
the optical counterpart (Yanny et al. 2009).
Both the luminosity of the three classified foreground
sources in this work (>1030 erg s−1) and the spectral types of
their optical counterparts (G or K type)make them candidates for
contact binary systems (e.g, Shaw et al. 1996; Geske et al. 2006).
However, more observations in the optical band are necessary to
study the light curves and emission lines of these sources.
5. Summary
This study presents multi-wavelength criteria to distinguish X-
ray sources in the Draco dSph from Galactic stars using deep
XMM-Newton observations. We showed that all sources with a
stellar counterpart have J −K < 1.2 and W1−W3 < 3.0 colours
in the infrared. All classified accreting white dwarfs and fore-
ground stars have log( FX
Fopt
) < 0.0. Also, the colour magnitude
diagram of optical counterparts of the X-ray sources is a use-
ful key to identify the spectral type of the stellar counterparts.
These criteria are specially helpful in the classification of accret-
ing white dwarfs, which have bright optical/infrared counterparts
in nearby galaxies.
Based on the above criteria, we classified fifteen X-ray
sources with stellar counterparts in the field of the Draco dSph.
We provided X-ray timing (periodicity and other variability) and
spectral analyses for these sources.
We classified three new symbiotic stars in the Draco dSph,
in addition to the known super-soft symbiotic star DracoC1
(Saeedi et al. 2018). The X-ray spectra of the three symbiotic
stars revealed one δ-type symbiotic star (source No. 1) and two
β-type symbiotic stars (sources No. 6 and No. 8), which are the
first classified extragalactic β-type symbiotic stars. This study
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showed that white dwarf binaries are the most prominent class
of X-ray sources in the field of dSphs as expected from theoreti-
cal studies (see Sect. 1).
Eight sources are classified as Galactic M dwarfs in the field
of the Draco dSph with spectral types between M2—M5. The
X-ray luminosity of these Mdwarfs range between 1028 − 3 ×
1029 erg s−1. We calculate a detection fraction of ∼ 2% based
on estimates of the space density of M dwarfs. The observed X-
ray luminosities are consistent with those of the upper 2% of
the M dwarf X-ray luminosity function of the volume-limited
sample of M dwarfs within 10 pc distance from the Sun. For five
M dwarfs we observed flaring activity. The X-ray spectrum and
light curve of source No. 9 was studied during both the quiescent
and the flaring states showing the typical temporal and spectral
signatures of flares, i.e. exponentially decaying brightness and
increased X-ray temperature during the bright state.
Finally, we classified three sources as more distant Galactic
stars, which are candidates for contact binaries.
This study is part of a new X-ray study of the Draco dSph.
Here, we have presented the study of sources, which have a
stellar counterpart. The new catalogue, which will contain the
classification of all other X-ray sources (i.e, mainly classified
background objects, X-ray sources without any counterpart, and
X-ray sources with unclassified counterparts) is in preparation
(Saeedi et al, in prep).
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Appendix A: Long-term light curves
The plots show the light curve of each source over thirty-one XMM-Newton observations of EPIC cameras and OM cameras. The
absorbed weighted flux (0.2 − 4.5 keV) of each source in the different observations is plotted over time. If the source was not
detected in an observation, the upper limit is shown. In X-ray light curves the red dots show the flux of each observation and the
orange arrows show the upper limits. In optical and UV light curves, the black dots show the magnitude of the source and the gray
arrows show the upper limits.
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Appendix A continued: long-term light curves
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Appendix A continued: long-term light curves
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Appendix A continued: long-term light curves
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Appendix B: Optical and infrared magnitudes of the counterparts of X-ray sources.
Table B.1: Optical magnitudes of counterparts of X-ray sources in different energy filters of the SDSS9 survey.
Src-No u mag g mag r mag i mag z mag
1 20.64 ± 0.05 18.837 ± 0.008 18.028 ± 0.006 17.682 ± 0.007 17.49 ± 0.02
2 17.75 ± 0.01 16.580 ± 0.004 16.133 ± 0.004 15.971 ± 0.004 15.91 ± 0.01
3 22.58 ± 0.27 19.788 ± 0.016 18.225 ± 0.007 17.322 ± 0.006 16.82 ± 0.01
4 18.05 ± 0.01 16.709 ± 0.004 16.223 ± 0.004 16.084 ± 0.004 16.05 ± 0.01
5 19.08 ± 0.02 17.753 ± 0.005 16.476 ± 0.004 16.191 ± 0.004 15.77 ± 0.01
6 21.34 ± 0.10 20.082 ± 0.019 19.426 ± 0.014 19.148 ± 0.017 19.06 ± 0.05
7 23.79 ± 0.65 20.770 ± 0.030 19.246 ± 0.013 17.931 ± 0.008 17.24 ± 0.01
8 20.69 ± 0.06 18.612 ± 0.008 17.746 ± 0.006 17.387 ± 0.006 17.17 ± 0.01
9 22.06 ± 0.17 19.484 ± 0.012 17.985 ± 0.006 16.845 ± 0.005 16.21 ± 0.01
10 23.79 ± 0.66 21.942 ± 0.081 20.417 ± 0.030 18.693 ± 0.012 17.73 ± 0.02
11 17.59 ± 0.01 15.973 ± 0.003 15.301 ± 0.003 15.033 ± 0.004 14.88 ± 0.00
12 22.95 ± 0.39 20.213 ± 0.018 18.690 ± 0.009 17.317 ± 0.006 16.55 ± 0.01
13 24.80 ± 1.07 21.307 ± 0.045 19.887 ± 0.022 18.761 ± 0.013 18.13 ± 0.02
14 22.00 ± 0.20 19.170 ± 0.011 17.647 ± 0.006 16.210 ± 0.005 15.42 ± 0.01
15 21.93 ± 0.17 19.562 ± 0.012 18.115 ± 0.007 16.974 ± 0.005 16.36 ± 0.01
Table B.2: Infrared magnitudes of counterparts of X-ray sources in different energy filters of 2MASS and WISE surveys.
Src-No J mag H mag K mag W1 mag W2 mag W3 mag W4 mag
1 16.54 ± 0.12 15.74 ± 0.14 15.78 ± 0.22 15.49 ± 0.04 15.04 ± 0.06 12.46 ± 0.25 9.08 ± 0.3
2 15.07 ± 0.04 14.64 ± 0.07 14.74 ± 0.09 14.57 ± 0.03 14.66 ± 0.05 <13.27∗ <9.61∗
3 15.62 ± 0.07 14.93 ± 0.08 14.60 ± 0.08 14.52 ± 0.15 14.59 ± 0.04 <13.12∗ <9.37∗
5 14.38 ± 0.03 13.71 ± 0.04 13.46 ± 0.04 13.25 ± 0.11 13.27 ± 0.03 12.49 ± 0.29 <9.51∗
6 – – – – – – –
7 15.87 ± 0.09 15.10 ± 0.09 15.05 ± 0.12 14.60 ± 0.03 14.47 ± 0.04 <12.84∗ <9.50∗
8 16.31 ± 0.10 15.68 ± 0.13 15.42 ± 0.18 15.35 ± 0.04 15.55 ± 0.10 <13.10∗ <9.52∗
9 14.95 ± 0.05 14.40 ± 0.06 14.12 ± 0.08 13.93 ± 0.10 13.80 ± 0.03 12.81 ± 0.42 <9.32∗
10 16.16 ± 0.12 15.55 ± 0.14 15.09 ± 0.18 <15.06∗ 15.05 ± 0.05 <12.82∗ <9.47∗
11 13.96 ± 0.03 13.43 ± 0.03 13.33 ± 0.03 13.27 ± 0.03 13.25 ± 0.08 13.05 ± 0.42 <9.51∗
12 15.05 ± 0.04 14.57 ± 0.06 14.30 ± 0.06 <14.19∗ 13.99 ± 0.03 <13.04∗ <9.43∗
13 16.83 ± 0.17 16.09 ± 0.19 15.70 ±0.164 15.46 ± 0.04 15.16 ± 0.07 <13.13∗ <9.61∗
14 13.99 ± 0.03 13.40 ± 0.03 13.13 ± 0.03 12.97 ± 0.03 12.78 ± 0.04 12.51 ± 0.27 <9.62∗
15 15.01 ± 0.05 14.27 ± 0.04 14.11 ± 0.06 13.94 ± 0.15 13.84 ± 0.03 <12.89∗ <9.50∗
Notes. “∗” shows that the upper-limit is reported in the WISE catalogue.
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Appendix C: Image of optical SDSS9 counterparts
The optical image of the counterpart of the X-ray sources from the SDSS9 survey. The black circles show the 3σ error of X-ray
source positions.
(a) Src No.1 (b) Src No.2 (c) Src No.3
(d) Src No.4 (e) Src No.5 (f) Src No.6
(g) Src No.7 (h) Src No.8 (i) Src No.9
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Appendix C continued: Image of optical SDSS9 counterparts
(a) Src No.10 (b) Src No.11 (c) Src No.12
(d) Src No.13 (e) Src No.14 (f) Src No.15
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